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Abstract
Within the research project ROBUST** (Optimization of seaborne trade) a new software tool was developed to find the optimum 
shipping route, considering the influence of wind and waves on the ship’s performance. A further aspect thereby is to assess the 
potential of wind assisted ship propulsion systems (WASP) in addition to the conventional diesel propulsion.
The influence of wind and waves on the ship’s performance in general is estimated by experience and model tests before ship 
construction. For the actual influence on a seagoing cargo ship, there is not much information available. For the research project 
ROBUST a 17.500 DWT multipurpose cargo ship was equipped with measuring systems (providing all 10 min 64 data) to get 
continuous information about the influence of wind and waves on the ship performance (Wave data, power on shaft, machine 
consumption,…). For more than one year, data were collected worldwide. These data were used to fit computer models to 
calculate the influence of wind and waves on the ship performance.
Based on these models, a branch and bound optimization system was developed to find the most efficient route for a given 
weather situation. The optimization is aiming for an energy minimum of the route. As a restriction the modification of the route is 
limited by a given time window for the traveling time. This effect of a WASP is discussed for a Flettner rotor. Results for a kite 
system and a Dynarig are calculated  as well, but are not presented here. The route optimization system is tested with historical 
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weather data from the German DWD. The simulations show that relative small adoptions of the route to the actual weather 
situation may give an interesting potential for savings of energy and thereby of costs.
© 2016The Authors. Published by Elsevier B.V..
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1. Introduction
The globalization of the world economy has led to a fast increasing international goods transport up to 2008 
[World ocean review (2015)]. Stopped by the world economic crisis of 2008 the seaborne trade is now growing 
again by about 3.8 % per year. In 2013 about 9.6 * 109 t were shipped by about 45000 ships (Ro-Ro and passenger 
ships not counted) [UNCTAD (2014); Statista (2015)]. About 75 % of the world merchandise trade is done by 
seaborne trade [UNCTAD (2014)]. The transportation costs of vessels are determined to approximately 60% by the 
cost of fuel, using heavy oil as fuel (e.g. IFO 380) [e.g. World Shipping Council (2008)]. These costs will increase 
on longtime scale (shortage of resources) but also on the short-term due to possible political decisions to change 
from heavy oil to less emitting fuels. The burning of heavy oil contributes to the global emission of CO2, SO2, NOx,
VOC and particles, thus being responsible for about 2 % of the global greenhouse gas (GHG) emissions [Faber 
(2014)]. All these objectives lead to a strong pressure (economic and political) to reduce the fuel consumption of 
ships by
x increasing efficiency / decreasing fuel consumption by “slow steaming”,
x optimizing the routes for lower fuel consumption,
x introducing new technologies, e.g. using wind assisted ship propulsion (WASP).
This contribution will present a new weather based routing optimization tool for the minimization of energy 
consumption on global sea routes considering also the effect of wind and waves on the vessel performance. For this 
ship measurements were realized for more than one year on a multipurpose cargo ship in order to validate the model 
tools for wind and wave influences. The routing software is also able to simulate the fuel reduction effects of 
different wind assisted ship propulsions in order to estimate the energy saving potential by new wind propulsion 
technologies. Safety effects and ship performance when using WASP systems are not discussed in this contribution.
2. The effect of wind and waves on the ship performance
2.1. The resistance and shaft power model
A ship travelling with a certain speed has to overcome a resistance by the propulsion force. The total resistance of 
a ship consists of calm water resistance, resistance of additional appendages (as rudder, thruster, …), additional
resistance due to the fouling of the ship’s hull, but also due to sea wave’s, current and wind, but neglecting shallow 
water. Beside this the resistance is also influenced by the actual ship situation like the speed, the loading condition 
and its draught and trim. It is difficult to estimate each portion of the resistance for a ship in operation. Usually the 
ship is powered by a propeller that has different efficiencies at different speed and the interference between 
propeller and ship hull can be positive or negative depending on draught and speed (Fig. 1).
Calm water resistance:
The calm water resistance is influenced by the rudder angle, the draught, the trim and the water temperature 
[Wagner and Benedict (2011), ITTC (2012), GL Future Ship (2012)]. It may be increased by additional appendages 
like rudder or bilge keel. Usually the calm water resistance is measured experimentally with a model ship in huge 
basins and the results are scaled for the real ship. Alternatively several methods exist to estimate this resistance 
theoretically [e.g. Holtrop and Mennen (1978) or Schneekluth and Bertram (1998)].
The additional resistance due to fouling can reach up to 50 % of the overall resistance [e.g. Khiatani (1985)] 
however a realistic theoretical estimation of the effect is hardly possible.
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Fig. 1. Implementation of resistances, propeller efficiency and shaft power.
Additional resistance due to wind and sea waves:
The increased resistance resulting from wind and waves can cause speed losses up to 30 % [e.g. Townsin and 
Kwon (1983)]. To determine this resistance, often complex computational methods based on potential theory and 
friction theory are used. Although these calculations require much computational resources, the accuracy of the 
prediction is limited by the viability of the model assumptions and is also influenced by the accuracy of the sea state 
statistics used in the calculation.
In the ROBUST project one key constraint for the implementation of the theoretical relations into the routing 
optimization tool was to ensure a satisfying performance even on a standard client computer. As the algorithm 
requires a lot of iterations for the optimization of one route, too complex computational methods were not 
applicable.
Hence, to estimate the additional resistance resulting from waves, a tool developed by the Hamburgische 
Schiffbau-Versuchsanstalt GmbH (HSVA) called SBRIN is used here. The HSVA program calculates the behavior 
of different ship types (8 basic ship forms, characterized by 7 main parameters) in a sea wave spectrum, described 
by the wave period, its direction to the ship course and the significant wave height. The program originally was 
developed in 1977 by P. Blume in the HSVA as a FORTRAN program [Blume (1977)]. For the use in the routing 
tool it was recoded in Java [Traumüller (2013)]. It calculates the additional resistance by waves Rwa as a function of 
ship dimensions and sea-state spectra.
To estimate the additional resistance resulting from wind the theory from Blendermann was used [Blendermann 
(1996); Blendermann (1993)]:
ܴ௪௜ =
ఘ௔௜௥
ଶ
כ ௪ܸ௜ଶ כ ܣி כ ܥܦ௟஺ி כ (ܿ݋ݏߝ)/(1 െ ߜ/2 כ (1 െ  ܥܦ௟஺ி כ (ܣி/ܣ௅)) כ ݏ݅݊²(2߳)) (1)
Vwi: apparent wind speed
AF: area of main frame [m2]
AL: lateral wind surface [m2]
CDlAF: lateral air resistance coefficient linked to the main frame area
İDQJOHRIDSSDUHQWZLQGGLUHFWLRQ
G: cross factor 
2.2. Measurements on the BBC Hudson
The theoretical assumptions and relations explained above had to be verified and parameterized by relevant long-
term data from real ship operations. As such necessary data could not be found in literature, they had to be collected 
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within the project. Hence these measurements are of basic scientific interest. For the measurements a multipurpose 
carrier of the fleet of Briese Chartering, Leer/ Germany was used.
Technical data:
17 T DWT, Lpp = 134 m, Speed at design draught of 8.3 m with 90% SMCR = 15kn (good weather). Main 
engine: MAN B&W 6S46MC-C, 7074 kW at 129 rpm.
Installed measuring instruments:
x The wave spectra are measured by the radar system WAMOS, Oceanwaves, Lüneburg, Germany. The system 
gives significant wave height Hs, period of wave Tp and wave direction for an overall wave spectrum and for 
swell and wind sea separately.
x The shaft power is measured by a torsion measuring device mounted on the shaft to the propeller (Maihak / 
HOPPE, Hamburg/ Germany).
x The consumption of the main engine is measured by 2 Coriolis mass flow meters, one in the feed, one in the 
reflux pipeline of the main engine (HOCOR by HOPPE, Hamburg/ Germany).
x The ship motions are measured (HOSIM by HOPPE, Hamburg/ Germany).
x The wind is measured by two ultrasonic devices, one mounted on the front signal mast, one on the top signal 
mast on the bridge (USONIC by METEK, Elmshorn/ Germany).
Additional data from the basic ship installations were also used (e.g. gyro compass, GPS (position, speed OG),
speed log). In total 64 different parameters are sampled all 10 min, transferred once a day by satellite and internet to 
the institute (Hochschule Emden/ Leer, Germany) and stored in a SQL database for further evaluation.
2.3. Evaluation of data
Calm water propulsion power
Usually the shaft power for a certain draught (neglecting resistance by rudder angle, water temperature and trim) 
is calculated by the Admiralty formula, modified for cargo ships by Völkner in 1974 [Schneekluth and Bertram 
(1998)]. The comparison of the measured results with the Admiralty or Völkner formulas did not lead to good 
results. In order to reproduce the measured data the calm water resistance was remodeled on the base of Holtrop and 
Mennen (1982), the model test report and measured data on the BBC Hudson, leading to a shaft power in calm water 
of
ܲܦ௖௪/ܹ݇ = ܿ כ (0.019 כ ܦ/݉ + 0.260) כ ( ௌܸ/݇݊)ଷ.ହ (2)
where c is a fitting parameter depending on the actual situation of the ship hull (painting, algae, …).
In Fig. 2 the dependence (with c = 1.05) is shown for two different draughts together with the theoretical curve of 
the ship hull, calculated by the software PARAMARINE, which is also based on the method of Holtrop and Mennen 
(1982) and Kümmel (2011).
The experimental values in general are above the calm water resistance curve, resulting from the influence of 
wind and waves on the propulsion power. Some values are below the calm water resistance curve, which might be 
caused by a low draught or tailwind or measuring inaccuracy (Fig. 2).
The validation of the resistance model (eq. 2) by the measured data of the real ship was challenging. On board the 
ship only the shaft power was measured from which the overall resistance including the calm water, wind and wave 
proportions had to be derived. To quantify the different resistance terms respective scenarios in the data were 
selected. The shaft power for calm water propulsion was compared only to those data where waves and wind can be 
neglected. Only those scenarios were evaluated where wind and wave conditions were stable at least for 60 minutes.
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Fig. 2. The dependence of the propulsion power (as shaft power) on the ships speed (STW). The black dots are measurements. The lines represent 
the calm water power dependence PDcw/kW= 1.05(0.019 D/m + 0.260)(Vs/kn)3.5 for full load D=8.3m and ballast D=4.6m.
Wave influence/ HSVA program:
The wave influence on the ship resistance is calculated by the HSVA program [Blume (1977)], which demands 
the following input values:
a) concerning the form of the ship:
Lpp (length between perpendiculars), B (breath on waterline), D (draught), Cb (block coeff.), FN ( Froude No),
for the BBC Hudson:
Lpp = 133m, B = 22.8m, D= 4.6m (ballast) - 8.3m (full load), Cb = 0.78 – 0.72 (D dependent),
b) concerning the wave spectrum:
Tp (wave period), Hs (significant wave height), the direction of waves related to the ship course (taken from the 
scenarios of the measured data).
The HSVA program gives the additional resistance ܴ௪௔ caused by interaction of the ship with the wave pattern. 
The corresponding power to overcome this additional resistance at a given ship speed ௌܸ is evaluated as
௪ܲ௔ = ܴ௪௔ כ ௌܸand the corresponding shaft power part as οܲܦ௪௔ =
ଵ
Kವ
כ ௪ܲ௔ (3)
with K஽ = ݏ݄݂ܽݐ ݌݋ݓ݁ݎ ݂݂݁݅ܿ݅݁݊ܿݕ (ݒ݈ܽݑ݁ݏ ݐܽ݇݁݊ ݂ݎ݋݉ ݉݋݈݀݁ ݐ݁ݏݐ ݎ݁݌݋ݎݐ).
Wind influence:
The Blendermann equation (see eq.1) also demands different input variables:
a) ship parameters: AL = 1690 m², CDlAF = 0.55 – 0.65, CDt = 0.85, G = 0.4 
In this application: AF is given as a function of the draught D and ship width B above waterline:
ܣி(ܦ) = 0.8 ܤ(ܣி,ி௅/(0.8 ܤ)) + ܦி௅–  ܦ) (4)
with DFL: draught at full load; ܣி,ி௅=ܣி  ܽݐ ݂ݑ݈݈ ݈݋ܽ݀= 530m²
b) wind data
The speed of the apparent wind Vwi (m/s).
The angle of the apparent wind to the ship course.
With the additional resistance ܴ௪௜ caused by the wind, the corresponding power to keep the ship at the given 
speed ௌܸ is
P୵୧ = R୵୧ כ Vୗ and the corresponding additional shaft power part is οPD୵୧ =
ଵ
Kీ
כ P୵୧ (5)
To fit the modelled ௪ܲ௜ values to the measured data, CDlAF was varied.
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Total propulsion power
Finally the resulting shaft power for a conventional propulsion system at a given speed is calculated as
PD = PDୡ୵ +  οPD୵୧ +  οPD୵ୟ. (6)
3. Wind-propulsion systems – an additional energy source for ship propulsion
In history, sailing ships essentially had to adapt to the current weather situation: e.g. the route to N-America using 
the Passat and on the way back using the strong west winds of the North Atlantic. Since the rise of motor driven 
propulsion – more or less independent from the weather – typically the shortest distance (great circle) is chosen.
Using a combination of both propulsion systems, it’s promising to try to maximize the amount of used wind 
energy, which means, to find the optimum in energy consumption and fuel costs, considering the weather situation 
and the time schedule.
With respect to the realistic applicability on cargo ships, three different wind propulsion systems – all tested on 
real ships - were selected for further analysis in the project: a Kite, a Flettner rotor and a Dynarig.
Models of the three systems were developed within the project and are discussed in detail elsewhere. The basic 
equation for modeling the resulting force for a certain wind propulsion system has the general form:
F୵୮ୱ =
஡
ଶ
כ V୅୛ଶ כ A כ f(cୖ , c୐,ɔ) (7)
with
஺ܸௐ the apparent wind speed,
߮ the angle between the apparent wind and the ship course,
A scaling parameter for the size of the wind propulsion system,
cR and cL specific geometry factors for a certain wind propulsion system.
஺ܸௐ and ߮ are calculated from the weather data and the ship speed. The term ݂(ܿோ , ܿ௅ ,߮) describes the angle 
dependence of the wind propulsion system which is characteristic for the respective type.
The power obtained by the wind propulsion system reads as
P୵୮ୱ = F୵୮ୱ כ Vୗ (8)
and referred to the break power PB of the main engine the corresponding power by the wind propulsion is
οPB୵୮ୱ =
ଵ
K౐
כ P୵୮ୱ, (9)
with K்characterizing the total efficiency of the motor towards the ship propulsion. It depends on the actual 
performance of the ship (speed of ship, working point of the motor, the propeller…). Here it is used for the 
calculation of the average saving at a given speed and is set to be constant.
As wind assisted ship propulsion (WASP) consists of the main machine as break power PB and the wind 
propulsion Pwps together with the relation derived in eq. (6), the total power ܲܤௐ஺ௌ௉ needed to achieve a certain 
speed results in
PB୛୅ୗ୔ = PBcw +  
ଵ
K౐
כ P୵୧ +
ଵ
K౐
כ  P୵ୟ െ  
ଵ
K౐
כ P୵୮ୱ. (10)
The models of the three wind propulsion system are used in the routing software to simulate the fuel reduction 
effects of different wind assisted ship propulsion types in order to estimate the energy saving potential by new wind 
propulsion technologies. As an example the simulation results are given for a Flettner system as represented on the 
E-SHIP (Fig. 3). Influences of the ship structure on the efficiency of the wind propulsion systems are neglected.
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Fig. 3. The Flettner rotor system on the E-Ship1 [E-Ship1 (2015)].
4. The routing system
4.1. State of the art
A study by the International Maritime Organization (IMO) [MEPC (2008)] estimated that weather routing can 
result in fuel savings between 2-4 %. In this project it will be investigated if a WASP increases the potential savings 
from simple weather routing. Simple weather routing is traditionally based on a set of ship performance curves 
[Bowditch (2002), p. 547]. These curves define ship speeds for given wave heights and wave directions and a fixed 
engine status in terms of revolutions per minute (RPM). The weather routing algorithm only adjusts the ship heading 
and focuses mainly on "storm avoidance". Hence, this approach does not permit to implement other routing 
strategies like riding out the weather and seas. Therefore, based on technical and scientific innovations, the 
traditional weather routing approach has been extended to achieve a more realistic simulation of the ship navigation. 
Some important innovations are described by Chen (2002).
Different algorithms and concepts have been proposed to improve weather routing [e.g. Takashima et al. (2004);
Tsujimoto and Tanizawa (2006)]. The optimization problem is to find a route that minimizes the fuel consumption 
under some constraints like maximum travel time or safety considerations for a given weather forecast. The routing 
process depends on weather forecasts which are – at long forecast periods - potentially unreliable. But weather 
forecast uncertainty is not the only challenge in weather routing. Weather routing has become a multidisciplinary 
topic that involves meteorological, technical, logistical and computational expertise. From a statistical point of view, 
weather routing therefore is a multidimensional optimization problem. Based on these parameters, new routing 
algorithms can implement state-of-the-art logistical concepts like slow steaming, virtual arrival (i.e. dynamic ship 
speed management) and fleet planning.
At the moment there are several weather routing systems available, depending on the aim of the optimization 
(safety, fuel consumption …). In the routing tool developed within this project the optimization aims for an energy 
minimization considering wind, waves and the effect of wind propulsion on the ship. The travelling time is also 
considered as a restriction (defined as max. travel time). Furthermore weather situations (wind or waves exceeding 
defined values) will be taken as limiting conditions as well (safety reasons).
4.2. The Concept / the Weather routing algorithm
A weather routing algorithm is executed on some discrete structure that is imposed on the continuous solution 
space since at sea there are no predefined lanes or railways. Usually this is either a grid or a graph. Its resolution is 
critical for the runtime complexity of the algorithm. If the resolution of the grid or graph is high, a complete search 
of all possible paths is usually infeasible. This is also caused by the multidimensional resolution of the weather data 
(time and space). A solution to this is to accelerate the algorithmic search with a heuristic. The purpose of heuristics 
is to decrease the size of the solution space, no matter if a genetic algorithm, dynamic programming or a graph-
based algorithm (Branch-and-Bound, ܣכ, Isochrones method) is used. Nevertheless each of these algorithmic classes 
has different properties. Here an Aכ search algorithm was chosen because it allows easy comparison between 
separate heuristics, it is deterministic and its computational complexity is less than for dynamic programming.
The Aכ search algorithm is an extension of Dijkstra’s algorithm. It operates on a tree (i.e. a graph) and uses a 
heuristic to remove paths from the graph that are worse than other known paths. To this end the required ship 
propulsion energy for the complete route via waypoints x is estimated by
E୰୭୳୲ୣ = Eୢୣ୮ୟ୰୲୳୰ୣ,   ୶ + E୶,   ୢୣୱ୲୧୬ୟ୲୧୭୬. (11)
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ܧௗ௘௣௔௥௧௨௥௘,   ௫ represents the required ship propulsion energy from the departure (s) to x on the selected path. 
Added is the estimated ship propulsion energy ܧ௫,   ௗ௘௦௧௜௡௔௧௜௢௡ from x to the destination (d) on an orthodrome. Both 
values are calculated with the given weather forecast at the departure time of the ship.
     Eୢୣ୮ୟ୰୲୳୰ୣ,   ୶ = σ E୧୧ୀ୶୧ୀୱ E୶,   ୢୣୱ୲୧୬ୟ୲୧୭୬ = σ E୧୧ୀୢ୧ୀ୶ with  E୧ = PB୵ୟ୮ୱ,୧*'t.  (12)
ܲܤௐ஺ௌ௉,௜ is being calculated for the different sections i of the weather grid according to eq.10.
In each step the Aכ algorithm selects the waypoint with the lowest Eroute and calculates a set of neighbor 
ZD\SRLQWVEDVHGRQDSUHGHILQHGVKLSVSHHG9V WUDYHO WLPHSHUVWHS¨WDQG WKHGLUHFWLRQRI WKHVKLSKHDGLQJ¨)
(Fig. 4). Thus the algorithm successively builds up a tree of partial steps. The algorithm terminates when the lowest-
ranked (ranked by Eroute) waypoint x equals the destination. If Ex, destination is an admissible heuristic (i.e. it does not 
overestimate the energy consumption to reach the destination), Aכ has been proven to be both optimal and complete. 
This means that if there is a path to the destination it will be found and this path will be optimal in terms of minimal 
ship propulsion energy.
Fig. 4. Aכ search algorithm after 2 iteration steps; k= opening of tree (e.g. 3 directions defined by  ). In each step the waypoint x with the lowest 
ܧ௥௢௨௧௘ = ܧௗ௘௣௔௥௧௨௥௘,   ௫ + ܧ௫,   ௗ௘௦௧௜௡௔௧௜௢௡ value is selected and expanded with neighbors. One neighbor lies on the orthodrome between the actual 
waypoint y and the destination, the other neighbors are arranged symmetrically at each side of the orthodrome.
After each step the tree opens a set of new waypoints. This procedure ranks the waypoints by their Eroute value. In 
each iteration the lowest ranking waypoint (i.e. with the lowest Eroute value) is listed. Then the neighbors of this way 
point are calculated as depicted in Fig. 4. A neighbor x is removed if it has been visited before with a lower Eroute
value or if the travel time t (departure to x) exceeds tmax. Otherwise the Eroute value of x is saved in the list. This 
continues until the waypoint with the lowest rank in the list equals the destination. The path from the destination to 
the departure can afterwards be reconstructed because each waypoint carries a pointer to its predecessor.
5. Results
The routing software, including the WASP simulation, was applied to different routes and different weather 
situations. To get reliable statistics each route was simulated for each week in 2008 using the respective historical 
weather data from the DWD.
The results presented in Fig. 5 are calculated for a global route between North-America and North Germany 
(Baltimore – Wilhelmshaven) using a bulker / multipurpose carrier as the BBC Hudson. A Flettner system (with 4 
rotors, each 25 m high, 4 m diameter) was chosen as a wind propulsion system in the presented example. Beside the 
energy distribution also the travelling time was calculated, since a greater extension of the traveling time may have 
adverse effects on the logistical processes and the profit of the voyage.
The results are summarized in Table 1: For Baltimore to Wilhelmshaven a route optimization (RO) considering 
only wind and waves already saves about 4% of the energy. The use of the specified wind propulsion system on the 
great circle (GC, without RO) saves 36%. Using the system on an optimized route leads to a reduction of about 53% 
of the energy. In the opposite direction the RO saves about 8% regarding wind and waves (seamargin), the 
calculated reductions when using a wind propulsion system are 14% on the GC and 28% on the optimized route RO 
. The differences for the two directions are due to the dominant wind direction west-east in North Atlantic. The 
increase of travelling time caused by route optimization RO is in the mean about 6-10 hours, in rare cases going up 
to about a day, which is inside the margin of the actual variation of travelling time (by various reasons).
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Fig. 5. Distribution of the energy needed for travelling from Baltimore to Wilhelmshaven, using a Flettner rotor system as an additional wind 
propulsion. The energy is calculated for journeys with daily departure over one year (statistical distribution in green, mean value as dark dotted 
line). The mean values of different approaches are shown as dotted lines: direct shipping along the great circle (GC) with or without taking into 
account of wind, waves and a wind propulsion system and the results by route optimization (RO). N = number of results in the defined energy 
category.
Table 1. Results of the simulation of the energy consumption on the route Baltimore-Wilhelmshaven as mean values of a simulation over one 
years with one journey a day; GC= great circle, RO=route optimization, ship speed 13 kn.
Baltimore(USA)->
Wilhelmshaven(G) GC
Baltimore(USA)->
Wilhelmshaven(G) RO
Wilhelmshaven(G) ->
Baltimore (USA) GC 
Wilhelmshaven(G)  ->
Baltimore (USA) RO
Seamargin(wind, waves) compared 
to calculated energy for calm water
+21% +17% +43% +35%
Seamargin+WASP, compared to 
energy including the seamargin
-36% -53% -14% -28%
The calculated sea margin corresponds to the values used as experience values. The estimated saving by the 
WASP roughly corresponds to the result published for the kite on the GC [Schlaak et al. (2009)].
6. Economic Efficiency
To estimate the influence of a WASP on the economic efficiency of the goods transport several aspects have to 
be taken into account. In particular the ship's speed is important, because the transported quantity (in ton) and 
thereby the profit depends on the transportation time. Assuming a constant speed of the ship and considering that the 
increase of transport time is comparatively small, it is permissible to focus on the changes of the different cost types: 
the savings from the fuel cost, the investment in a WASP, the costs for operating the ship and the costs for operating 
the wind propulsion system. Also the environmental costs caused by emissions have to be considered. Since all 
these cost types depends on the specific vessel and chosen WASP, they have to be assumed as variable parameters 
in the system, but a clear answer with respect to the economic efficiency could not be given. Finally the efficiency 
of the WASP depends on its type, dimension and the ship's speed.
Different operation scenarios can be calculated: The first scenario for the North Atlantic route shows, that the 
fuel saving by a route optimization without a WASP is about 4- 8% by minimizing the influence of wind and waves 
with no investment needed. One problem for the calculation of other scenarios is that there are no real costs for the 
investment of these wind propulsion systems available. A meaningful approach will be, to calculate the maximum 
amount that may be invested for a WASP on the basis of a typical payback period (e.g. 5 years). Beyond that 
economic efficiency very much depends on the actual fuel costs and the future political regulations to less emitting 
fuels (from Heavy Oil to Diesel) and the internalization of external costs. Hence a generic efficiency calculation is 
not available. Efficiency may only be examined in terms of scenarios, showing under which conditions a WASP 
might be economically and ecologically reasonable. An “on-line” version of the routing tool, that updates the route 
as soon as a new weather forecast is available, has also been developed but is discussed elsewhere.
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7. Conclusion
The developed model for a wind assisted ship propulsion system (WASP) includes the influence of wind and
waves on the ship performance and gives reasonable results for the sea margin, compared to the experience (without 
a wind propulsion system). Applying this mathematical model in a route optimization tool demonstrates a possible 
saving of energy of approximately 4-8% on North Atlantic routes for a typical conventional multipurpose carrier or 
bulker. Routes in less windy areas will offer a smaller saving potential. A kind of an “onboard route optimization 
tool” may contribute to a certain energy saving besides other effects, as e.g. ”slow steaming”, without the need of 
any material investment.
The simulation including an additional wind propulsion system (Kite, Flettner, Dynarig) even shows much more 
saving potential. On the North Atlantic route a saving in the order of 20-50% in relation to the conventional ship 
propulsion is calculated, depending on the ship speed, the scaling of the wind propulsion and the ship design. 
However the economic saving is difficult to estimate since realistic costs for wind propulsion systems are not yet 
available. The economic efficiency and hence the future perspectives of WASP systems strongly depends on market 
development (fuel costs vs. WASP investment) but also on future political regulations and specifications like GHG 
reduction. On long term view a change to WASP using modern wind propulsion systems, as discussed in the 
ROBUST-project, seems to be feasible and realistic.
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